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INTRODUCTION 

Both the  U.S. and world petroleum reserves  a r e  being depleted a t  a r a t e  
t ha t  can no longer be ignored. A s  a r e s u l t ,  t he  development of a l t e r n a t e  f u e l  
sources is a v i r t u a l  necess i ty  wi th in  a few decades. 
new sources a r e  sha le  rock and coal .  Although processes are ava i l ab le  for the  
production of syn the t i c  l i q u i d s  from sha le  and coa l ,  t he  investment cos t s  associated 
a r e  very l a r g e  and the  fue l s  produced w i l l  unquestionably be s i g n i f i c a n t l y  d i f f e r -  
en t  i n  chemical composition from present  day petroleum-derived ma te r i a l s .  Despite 
considerable va r i a t ion  from various sources and methods of l i q u i f i c a t i o n ,  some 
genera l iza t ions  can be drawn: 
more aromatic and o l e f i n i c  than petroleum-based f u e l s ;  coal l i q u i d s  w i l l  be higher 
i n  oxygen content but lower i n  n i t rogen  than sha le ,  extremely r i c h  i n  aromatics 
and have a somewhat lower o l e f i n  content (1). Some of the  d i f f e rences  between 
synthe t ic  and petroleum f u e l s  can be corrected by known processing techniques. 
However, these  a r e  expensive and may never be completely e f f ec t ive .  It is  import- 
an t ,  therefore ,  t o  determine which types of va r i a t ions  from known f u e l s  w i l l  be 
de le te r ious  and which can be to l e ra t ed .  

Two of the  most promising 

sha le  l i qu ids  w i l l  be higher i n  oxygen and nitrogen, 

One of the  substances mast d i f f i c u l t  t o  remove is n i t rogen .  I n  addi t ion ,  
i t  is known t h a t  n i t rogen  content can adversely e f f e c t  f u e l  s t a b i l i t y .  This is 
i l l u s t r a t e d  by Figure 1, where th ree  j e t  f u e l s ,  prepared by c a t a l y t i c  hydro t rea t -  
ing sha le  l i q u i d s ,  were subjected t o  the  standard JFTOT thermal s t a b i l i t y  test ( 2 ) .  
Clearly,  the  higher t he  n i t rogen  content of a f u e l ,  the  poorer i t s  thermal s t a -  
b i l i t y .  Some of the  samples were severely hydrotreated ye t  s t i l l  r e t a ined  s ign i -  
f i c a n t  amounts of n i t rogen  and exhibited poor thermal s t a b i l i t y  (2 ) .  

Recent work at Exxon has shown t h a t  n i t rogen  compounds, e spec ia l ly  of the 
pyr ro le  type,  promote sediment or  sludge formation i n  JP-5 je t  f u e l  s to red  under 
ambient conditions.  The reac t ion  is f i r s t  noted by an almost immediate darkening 
of the  fue l .  This is followed by the  appearance of sludge which continues t o  in-  
c rease  on standing. 
l i g h t ,  ac ids  and oxygen present i n  t h e  f u e l .  

The r eac t ions  t o  form sediments were s t rongly  influenced by 

A s  a r e s u l t  of these  preliminary observations,  t he  present study was 
undertaken t o  inves t iga t e  t h i s  phenomenon fu r the r .  The major ob jec t ives  of t h i s  
program a re :  (1) t o  determine whether o ther  n i t rogen  containing spec ie s ,  l i k e l y  
to  occur i n  synfue ls ,  w i l l  have e f f e c t s  s imi l a r  t o  pyr ro les ,  ( 2 )  t o  test f o r  in te r -  
ac t ions  between n i t rogen  compounds and o the r  impur i t ies ,  (3) t o  determine the  
e f f e c t s  of s torage  parameters such a s  l i g h t ,  temperature and oxygen content of the 
f u e l  on sediment formation and ( 4 )  t o  e luc ida te  the  chemical s t r u c t u r e  and mechanism 
of formation of t he  sediments produced. 

EXE'ERIMENTAL 

The test compounds were t h e  h ighes t  qua l i t y  commercially ava i l ab le .  They 
were pu r i f i ed  by d i s t i l l a t i o n  when necessary. High qua l i ty  E-decane was employed 

*Sponsored by NAVAIR 310C, Contract No. N00019-76-C-0675, D r .  Hyman Rosenwasser, 
t echnica l  monitor. 
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a s  the  d i luent .  This  was f u r t h e r  pu r i f i ed  by percola t ion  through columns of ac t i -  
vated alumina t o  remove t r aces  of r e a c t i v e ,  po lar  ma te r i a l s .  The n i t rogen  
compounds were t e s t ed  a t  t h e  2,000 ppm l e v e l  (nitrogen bas i s )  which i s  wi th in  the  
l i m i t s  expected from f u e l s  derived from sha le  o r  coal (1).  The compound 2,5- 
dimethylpyrrole was employed a s  a standard.  The oxygenated compounds were added 
i n  amounts equivalent t o  500 ppm 0. 

Duplicate s e t s  of  samples were s e t  up using g l a s s  b o t t l e s .  One set was 
s tored  i n  darkness at  ambient temperature (24OC). The second s e t  w a s  i r r ad ia t ed  
with long wave (366 nm) W l i g h t  wi th  an i n t e n s i t y  of 1100 pW/cmZ (3). 
sample of E-decane wi th  4,000 ppm N a s  2.5-dimethylpyrrole w a s  exposed t o  normal 
sun l igh t  t o  se rve  a s  a con t ro l .  The b o t t l e s  were removed from s to rage  a t  i n t e r -  
v a l s ,  the  p r e c i p i t a t e  f i l t e r e d  and dr ied  under vacuum a t  l l O ° C  f o r  1-1/2 hours 
before weighing and subsequent ana lys i s .  

A separa te  

RESULTS AND DISCUSSION 

Ef fec t s  of Various Nitrogen Compounds 

Compound type  ana lyses  of var ious  l i g h t  d i s t i l l a t e s  of sha le  l i q u i d s  have 
been reported (4). They show t h a t  pyr ro les ,  quinolines,  and pyridines a r e  the  
dominant spec ies  present  along with lesser amounts of amides, an i l i des  and a lky l  
amines. Compounds of t hese  types were, t he re fo re ,  chosen f o r  t h i s  study. The 
e f f e c t s  of various r ep resen ta t ive  nitrogen-containing compounds on sediment forma- 
t i o n  i n  pu r i f i ed  E-decane are given i n  Table l. 
sediment formation i s  not  unique t o  2,5-dimethylpyrrole (DMF') although of those 
compounds t e s t ed ,  DMF' e a s i l y  produced the  g rea t e s t  amount. It is  i n t e r e s t i n g  tha t  
t he  th ree  compounds g iv ing  the  m o s t  sediment were a l l  of t he  pyr ro le  type,  DMP, 
indole and carbazole.  Of t h e  o the r  compounds s tudied ,  only 2,6-dimethylaniline and 
2-methylpiperidine a f forded  any measurable sediment. However, s eve ra l  of t he  p r i -  
mary amines produced colored so lu t ions  which in t ens i f i ed  wi th  tfme. Their e f f e c t s  
on long term s torage  s t a b i l i t y  i s  unknown. 

Importance of Light a s  a Promoter 

It is c l e a r  from t h i s  da t a  tha t  

The importance of l i g h t  as a c a t a l y s t  f o r  sediment formation i s  i l l u s -  
t r a t e d  by the  p l o t s  i n  F igure  2. 
s tored  samples i s  q u i t e  l a r g e  e a r l y  i n  the  period and tends t o  ge t  much smaller 
later. Thus, with DMP, sediment i n  t h e  i r r a d i a t e d  sample exceeded t h a t  f o r  the  
dark sample by a f a c t o r  of t en  a f t e r  one day but was only about 38% grea te r  a f t e r  
60 days. This suggests t h a t  exc lus ion  of l i g h t  w i l l  r e t a r d  but  not prevent sedi-  
ment formation. 

The d i f f e rence  between the  i r r ad ia t ed  and dark- 

The sample s to red  i n  sun l igh t  formed sediment s l i g h t l y  more rap id ly  than 
the  W i r r ad ia t ed  ma te r i a l  (Figure 2). This e f f e c t  is not of p r a c t i c a l  s ign i f i cance  
but may have a bearing on t h e  mechanism of sediment formation. 

It should be noted t h a t  t he  build up of sediment i n  the  dark follows a 
s t r a i g h t  t i m e  r e l a t ionsh ip  whi le  t h e  l i g h t  catalyzed r eac t ion  does not .  
r eac t ion  appea r s  t o  be a t  least "pseudo" zero order while t he  catalyzed reac t ion  
is of a higher order.  It should a l s o  be emphasized t h a t  the  shape and general  mag- 
n i tude  of the curves obtained i n  %-decane is i n  exce l len t  agreement with those from 
ac tua l  JP-5 f u e l .  

Influence of Organic Acids and Phenols 

The dark 

Pyrroles a r e  oxidized more rap id ly  i n  a c i d i c  than  neu t r a l  media (5). As 
a r e s u l t ,  i t  w a s  of i n t e r e s t  t o  determine whether organic ac ids ,  l i k e l y  t o  be pre- 
s en t  i n  synfue ls ,  would ca t a lyze  t h e  formation of sediments i n  hycrocarbon media. 
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FIGURE 1 

VARIATION OF JFTOT BREAKPOINT TEMPERATURE 
WITH NITROGEN LEV= AFTER HYDROTREATMENT 
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Preliminary experiments in  JP-5 ind ica ted  a s i g n i f i c a n t  e f f e c t .  
i n  experiments using %-decane as t h e  d i luen t .  

This was confirmed 
The r e s u l t s  a r e  summarized in Table 2. 

TABLE 2 

SEDIMENT FORMATION WITH 2,5-DIMETHYLPYRROLE (DMP) 
UNDER THE INFLUENCE OF ORGANIC ACIDS 

Storage Cumulative Sediment ( /500 Decane 
Acid'') Conditions(2) 1 Day 5 Days 15  Days '30 Da:s 60 Diys Appearance 

None Light .213 .524 .869 1.12 1.52 Dark Red 
Dark --- .060 .197 .394 .840 Dark Red 

n-Decanoic Light .390 . 8 2 1  1.25 1.49 1.84 Dark Red 
Dark .OS7 .147  .497 .990 1.50 Dark Red 

Cyclohexane Light .391 .821 1.26 1.56 1 .83  Dark Red 
Carboxylic Dark . O B 3  .216 .621 1.08 1.84 Dark Red 

Benzoic Light .259 .476 .858 --- --- Clear, 

- 

Dark .057 .165 .414 --- --- Color less  

--- --- Clear, --- --- --- n-Decano i c  Light 
Alone (3) Dark Color less  --- --- --- --- --- - 

(1) Nitrogen compounds added a t  2,000 ppm N l e v e l ;  ac ids  at 500 ppm 0 l eve l .  
(2) Light  = W r a d i a t i o n  (366 nm; 1100 uW/cm2) .  
(3) No  DMP i n  these  samples. 

Both g-decanoic ac id  and cyclohexanecarboxylic ac id  s i g n i f i c a n t l y  increased the  
rate of sedimentation. This w a s  evident i n  both l i g h t  and dark. The ac ids  pro- 
moted a 20% increase  i n  sediment in 60 days i n  t h e  l i g h t  and by 100% o r  more i n  
t h e  da rk  over samples conta in ing  DMP alone. Control samples containing t h e  a c i d i c  
compounds but no DMP gave no sediment nor w a s  any darkening of the f u e l  observed. 
Benzoic, a t y p i c a l  aromatic ac id ,  showed no e f f e c t  under l i g h t  s to rage ,  bu t  d id  
tend t o  increase  depos i t  formation i n  the  dark. 

It would appear t h a t  t h e  ac id  and l i g h t  c a t a l y s t s  opera te  independently 
r a t h e r  than i n  any sort of syne rg i s t i c  o r  an tagon i s t i c  fashion. This  w a s  apparent 
from a 3x3 f a c t o r i a l  ana lys i s  of t h e  da ta  from Table 2. 
decanoic ac id ,  t h e  " l i g h t  e f f ec t "  accounted f o r  0.674 g of  sediment i n  15  days and 
0.683 g i n  60 days. The corresponding va lues  f o r  t h e  "acid e f f ec t "  are .303 g and 
.663 g. The sums of t h e  two ac t ing  independently would be .977 g f o r  15 days and 
1.34 g f o r  60 days. These va lues  are f a i r l y  c lose  t o  t h e  1.06 g and 1.00 g obtained 
i n  the  same t i m e  per iods  from t h e  experiment when both l i g h t  and ac id  were present .  
It would appear t h a t  t h e  two c a t a l y s t s  do not  i n t e r a c t .  An ana lys i s  was made f o r  
cyclohexanecarboxylic ac id  wi th  similar r e s u l t s .  

In t h e  case of DMP and 

A number of phenols were examined with respec t  t o  promoting sediment for -  

One of the 
mation with DMP i n  g-decane. A l l  had an inh ib i to ry  e f f e c t ,  al though considerable 
v a r i a t i o n  was observed. 
most e f f ec t ive  i n h i b i t o r s  was 2,6-di-pbutylphenol. P l o t s  of sediment formation 
with DMP both with and without added 2,6-di-t-butylphenol a r e  shown in Figure 3. 
A 58% reduction i n  sediment formation was obtained under l i g h t  s to rage  a t  60 days 
and 80% reduction a f t e r  15 days as compared t o  cont ro ls .  Under dark  s torage  con- 
d i t i o n s ,  the corresponding reduct ions  were 45% and 82%. A 3x3 f a c t o r i a l  ana lys i s  
f o r  t hese  experiments w a s  performed. The " l igh t  e f f ec t "  i n  t h i s  ca se  is ,683 g 

Resul t s  of these  s tud ie s  a r e  given i n  Table 3. 
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TABLE 3 

EFFECTS OF PHENOLS ON DEPOSIT FORMATION(1) WITH 2,5-D1METHYLPYRROLE 

Cumulative Sediment (g/500 g/Decane) 
15 Days 60 Days 

Phenol Added (2) = - L i g h t s  

None .869 .197 1.52 .840 

2.6-Di-pButyl- .173 .035 .640 .496 
2,4-Dimethyl- .569 .213 
2,6-Di-~-Butyl-4-Methyl- .270 .138 
2-Hydroxy-3-Isopropyl- .154 .058 

2,4,6-Trimethyl- .681 .123 1.33 1.01 

(3-Isopropylpyrocatechol) 

(1) 
(2) At levels of 500 ppm 0. 

(1.52 g - .837 for DMP alone) and the "phenol effect" is -.344 g. The net additive 
effect would be ,339 g (.683 g - .344 9). However, the actual sediment obtained in 
the presence of bgth the phenol and light is .640 g, .20 g less than that observed 
under dark storage alone (60 day results). Apparently, this phenol is effective in 
combatting the effects of the light catalyzed reaction as well as the sedimentation 
under dark storage conditions. 

All samples contained 4,000 ppm N as 2,5 dimethylpyrrole. 

The influence of other phenols on sediment formation varied considerably 
Those with L-butyl or isopropyl groups were most effective in retard- 

Substitution in position 4 with methyl groups tended to reduce 
Work is continuing in this area 

(Table 3). 
ing sedimentation. 
effectiveness although the effect was not large. 
to elucidate structural effects further. 

Similar effects of acids and phenols were observed with indole as the 
nitrogen compound (Figure 4 ) .  Decanoic acid significantly increased sediment for- 
mation in the case of indole. A 6-fold increase in sediment was observed in the 
sample stored under W light. Insufficient data is available for a factorial 
design analysis, but, in this case, light and acids may interact in some way to 
prqmote especially heavy sediment formation. 
slight inhibitory effect on sediment formation with indole (Figure 4). 
trimethylphenol showed no detectable influence. These findings suggest that cer- 
tain phenols may prove useful as sludge-preventing additives for future synfuels 
of the JP-5 type. 

Characteristics and Chemical Structure of the Sediments 

Di-pbutylphenol appears to have a 
The 2.4.6- 

Determing the structure of the nitrogeneous sediment is useful for eluci- 
dating the mechanism of formation and thereby finding methods of preventing it. 
Although storage conditions and the presence of acid may effect the e of forma- 
tion and pantity of sediment, they do not seem to alter the characteristics of 
the sediment. Elemental analyses of the sediments suggest that the deposits are 
made up largely of repeating units of the dimethylpyrrole. This is clear since 
the average C/N ratio in the sediments (6.3/1) is very close to the C/N ratio of 
dimethylpyrrole (6/1). Thus, no other carbon-containing species have been intro- 
duced into the polymer. On the other hand, considerable oxygen (about 1.5 atoms 
perN) has been incorporated, mostly at the expense of hydrogen. The approximate 
average molecular composition of 11 sediment samples, obtained under various storage 
conditions, was: 

'6.3 H7.0 '1.67 



FIGURE 3 

EFFECT OF DI-t-BUTYLPHENOL ON SEDIMENT 
FORMATION WITH 2,5-DIMETHYLPYRROLE IN DECANE 
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while t h a t  of dimethylpyrrole is: 

The major i n f r a red  bands from the  sediments a r e  shown i n  Table 4. The 
spec t r a  were obtained as smears o r  mulls between salt p l a t e s  s ince  t h e  extreme in- 
s o l u b i l i t y  of the  sediment precludes the  measurement of so lu t ion  spec t r a .  
ana lys i s  confirms t h a t  t h e  pyr ro le  r i n g  is i n t a c t  and suggests t h a t  oxygen has been 
introduced i n  the  form of a carbonyl group. The s t rong  -CH3 absorption r e l a t i v e  t o  
-CH2 ind ica t e s  the  methyl groups remain i n t a c t  and t h a t  no long chain -CH2- u n i t s  
(from other  components of the  media) have been introduced. Previous r e p o r t s  (5) 
have proposed s t ruc tu re  I, the  so-called "pyrrole black" f o r  t he  sediment obtained 
from pyrrole added t o  various fue l s .  
s t r u c t u r e  s ince  no "R" group is present  and a carbonyl group c l ea r ly  is. Ins tead ,  
a s t ruc tu re  such a s  I1 (7) is more l i k e l y .  The p a r t i a l  s t ruc tu res ,  I11 and I V ,  
cannot be ruled out although an unl ike ly  methyl group migration i s  required (8).  

The 

The present r e s u l t s  do not  support  t h i s  

TABLE 4 

MAJOR I R  BANDS I N  SEDIMENT FROM 2,5-DIMETHYLPYRROLE 

cm- l  Significance 

3300-3500 ( s )  
2970 ( 8 )  1375 (s) 
2925 (w) 1450 (w) 
1640-1670 (VS) 

-NH o r  -OH 

Lack of -CH2 
Conj C o r  Amide 

-CH3 

(1) 
(2) 

Smear or  mull between s a l t  p l a t e s .  
s = s t rong;  vs  = very s t rong;  w = weak. 

H 
Ill 

CH3 
IV 

The mass spec t r a  of sediment samples a r e  complicated because of the . sed i -  
ment's-polymeric nature.  However, some genera l iza t ions  a r e  poss ib le .  I f  a s i n g l e  
s t r u c t u r e  is present ,  t he  r ep resen ta t ion -bes t  f i t t i n g  a l l  da ta  is 11, although par- 
t i a l  s t ruc tu res  I11 and I V  cannot be ruled ou t .  I n  addi t ion ,  t he  mass spec t r a  of 
some samples  suggests t he  sediment may cons is t  of severa l  compound types  of which 
four  (V-VIII) a r e  prevalent.  The average p rope r t i e s  of t he  sediment, a s  analyzed 
by elemental and in f r a red  methods, therefore  could r ead i ly  be accounted f o r  by such 
a mixture. 
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V VI 

Surpris ingly,  t h e  highest  parent  peaks observed (Q400 mass un i t s )  correspond t o  no 
more than 3-4 py r ro l i c  u n i t s .  This  i s  cons i s t en t  with r e p o r t s  on t h e  autoxidat ion 
of 1-methylpyrrole (8).  
u n i t s  i n  a shor t  chain. Addit ional  work i s  scheduled i n  t h i s  a r ea  t o  determine t h e  
cha rac t e r  and mechanism o f  sediment formation. 

These workers found no more than f i v e  repeat ing pyrrole  

CONCLUSIONS 

0 Nitrogen compounds can be se r ious ly  de l e t e r ious  t o  the s torage s t a b i l i t y  
of synfuels.  

(a) P y r r o l i c  types and some amines a r e  de l e t e r ious ;  many other  

(b) 
n i t rogen  containing compounds a r e  not .  
The p y r r o l i c  compounds vary i n  t h e  magnitude o f  t h e i r  inf luence 
on sediment formation. 
pyrrole .  

The r a t e  is very high with 2,5-dimethyl- 

0 Storage condi t ions may play an important r o l e ;  t h e  e f f e c t  of l i g h t  is 

0 
p a r t i c u l a r l y  noteworthy. 

moting sediment formation. 
Certain t r a c e  impuri t ies  a r e  a l s o  important in t h e i r  e f f e c t s  on pro- 

(a) Carboxylic ac ids  a c c e l e r a t e  t h e  formation r a t e ;  t h e  e f f e c t  is 

(b) Some phenols i n h i b i t  sediment formation; s t r u c t u r a l  e f f e c t s  a r e  

The sediments appear t o  have a d e f i n i t i v e  s t r u c t u r e  which may be amen- 

most pronounced i n  t h e  dark. 

important.  
0 

a b l e  t o  analysis .  With DMP t h i s  appears t o  be low t o  medium molecular weight ol igo-  
m e r s  consis t ing of  p a r t i a l l y  oxidized repeat ing u n i t s  of t h e  ni t rogen compound. 

1. 

2. 

3. 

4. 

5 .  
6 .  

7. 

a. 
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